Dopaminergic treatments are associated with impulse control disorders such as pathological gambling in a subset of patients with Parkinson's Disease. While deep brain stimulation of the subthalamic nucleus has been reported to reduce symptoms of impulse control disorders in some Parkinson's Disease patients, little is known about its specific effects on gambling behaviour. In this experiment, we investigated the effects of deep brain stimulation of the subthalamic nucleus on one of the central features of pathological gambling: the tendency to chase losses. Loss-chasing is associated with impaired control over gambling behaviour and it is one of the most salient features of pathological gambling as it presents in the clinic. Twenty two patients with advanced idiopathic Parkinson's Disease and chronically implanted subthalamic nucleus electrodes for deep brain stimulation completed a simple laboratory model of loss-chasing behaviour twice: once with and once without stimulation. Exploratory analysis indicated that deep brain stimulation of the subthalamic nucleus increased the value of losses chased by patients with Parkinson's Disease when shifting from off-to on-stimulation. These effects were not attributable to changes in state affect or to the motor impairments produced by the withdrawal of deep brain stimulation of the subthalamic nucleus. The effects of the stimulation on the value of losses chased were more pronounced in female than in male patients and reduced in patients taking dopamine receptor agonists. Collectively, these results suggest that deep brain stimulation of the subthalamic nucleus can transiently alter the evaluation of accumulated losses during gambling episodes in idiopathic Parkinson's Disease.
Introduction
Accumulating evidence suggests that dopaminergic treatment is associated with patterns of behavioural addictions, such as impulse control disorders (ICDs) and the 'dopamine dysregulation syndrome' (Ferrara and Stacy, 2008) , in a minority of patients with Parkinson's Disease (PD) (Dagher and Robbins, 2009; Lim et al., 2009; Weintraub et al., 2006) . Such behaviour frequently involves excessive or pathological gambling (PG) (Driver-Dunckley et al., 2003) , hypersexuality, spending, and the complex prolonged, but apparently purposeless, and stereotyped behaviour known as 'punding' (Evans et al., 2004) . Risk factors for the development of PG in PD include male gender, relative youth at the time of diagnosis, a premorbid history of drug or alcohol abuse, depression, and elevated scores on the personality measure of novelty-seeking (Voon et al., 2007) . Strikingly, the use of dopamine receptor agonists has been prominent in reported cases, while withdrawal of these treatments tends to produce an improvement in symptoms Weintraub et al., 2006) . However, relatively little is known about precisely which disturbances of mesostriatal circuitry, subsequent to nigral degeneration and dopamine replacement therapies, might promote PG in vulnerable PD patients (see Voon et al. (2010) for discussion).
Deep brain stimulation of the subthalamic nucleus (STN DBS) is widely used to treat PD and represents a clinically effective treatment for its motor symptoms (Krack et al., 2003) . STN DBS has been reported to improve gambling problems in some PD patients (Ardouin et al., 2006; Bandini et al., 2007; Witjas et al., 2005) but, perhaps, exacerbates these problems in others (Lim et al., 2009; Smeding et al., 2007) . Beneficial effects might be indirectly caused by modification of Parkinson's medication after surgery. But these clinical observations also raise the possibility that PG in PD is directly influenced by STN DBS and its effects upon its underlying reinforcement and response selection mechanisms Frank, 2006; Frank et al., 2007a,b) .
Continued gambling to recover losses -or loss-chasing -is a central behavioural feature of both social gambling and PG (American Psychiatric Association, 2000; Lesieur, 1977) . Loss-chasing is strongly associated with impaired control over gambling behaviour and is central to, and the most significant step in the development, of PG (Lesieur, 1979) . Descriptive theories of choice under uncertainty posit that gambling losses fall on the convex part of a psychophysical function relating nominal (e.g. monetary) values to their resultant subjective values or utilities, such that the decreases in utility associated with the possible bad outcomes of decisions to chase gambling losses are proportionately smaller than the substantial decreases in utility associated with the already accumulated losses (Kahneman and Tversky, 2000; Tversky and Kahneman, 1981) . Under such circumstances, people will tend to choose to chase losses as opposed to simply accepting the certain losses already sustained.
While choosing to take extra risks to recover losses can be observed in everyday decision-making, and is a ubiquitous feature of light or social gambling (Dickerson et al., 1987; Kahneman and Tversky, 2000) , it is markedly exaggerated in problem gamblers (Lesieur, 1979) . Left unchecked, loss-chasing can produce a dangerous spiral of accelerating gambling involvement, increasing financial liabilities but diminishing resources to meet them, and the serious adverse family, social and occupational consequences (Corless and Dickerson, 1989) .
Little is known about how STN DBS might influence clinically significant aspects of gambling behaviour in PD patients. Therefore, in this experiment, we investigated the effects of STN DBS on the performance of a laboratory model of loss-chasing behaviour that we have used in previous investigations to investigate the role of the fronto-striatal circuits in deciding to chase losses or quit during a run of losing gambles (Campbell-Meiklejohn et al., 2008) and to highlight the dissociable roles of dopamine and serotonin neuromodulation in these decisions (Campbell-Meiklejohn et al., 2010) . Following other investigations of DBS in PD Jahanshahi et al., 2000; Pillon et al., 2000) , we used a within-subject, cross-over design to enhance our sensitivity for detecting treatment effects. Since we were interested in learning more about how STN DBS might influence loss-chasing as a behaviour that might promote excessive gambling, our PD patients were screened to exclude individuals with current significant gambling experience or PG. We tested the conjecture that STN DBS would modulate the manner in which such PD patients chase losses, either by influencing the number of decisions to keep gambling, or by influencing the values of losses that patients judged worth gambling to recover (Campbell-Meiklejohn et al., 2010) .
Materials and methods

Patients
Ten male and twelve female patients with PD participated in this study which was approved by the ethics committee of University Hospital Duesseldorf and was carried out in accordance with the Declaration of Helsinki. All patients gave their written informed consent. All but one patient was right-handed. Demographic and clinical characteristics are set out in Table 1 . The sample mean age of our patients was 65.55 ± 1.72 years (range: 43-78 years), having been diagnosed for an average of 16.55 ± 1.54 years (7-34 years). The mean number of years since STN surgery was 3.35 ± 0.64 years (0.30-10.0 years). Hoehn and Yahr (1967) Nineteen patients were being treated with levodopa medication. Sixteen of these patients were also receiving dopamine receptor agonists as follows: three were taking cabergoline, nine were taking pramipexole and four were taking ropinirol. One patient was using rotigotine. Twelve patients were receiving catechol-O-methyltransferase inhibitors: three tolcapone and nine entacapone. The mean daily levodopa equivalent units (LEU) were 639.08 ± 79.96 mg (0-1349). Finally, five patients were receiving the NMDA antagonist amantadine. Four of the six patients not being treated with dopamine receptor agonists had exhibited symptoms of ICDs when treated with these medications previously; however, these symptoms had not included excessive or problematic patterns of gambling behaviour.
All patients were assessed using a semi-structured SCID-I interview (First et al., 2002) to exclude current DSM-IV major depression (American Psychiatric Association, 2000) . Five patients in the sample were taking anti-depressants (amitriptyline, venlafaxine, mirtazapine, citalopram, or escitalopram) . However, our sample's mean score on the Beck Depression Inventory (Beck et al., 1961) was only 4.36 ± 0.73 (0-12). One patient's score of 12 was above the threshold of 10 which has been used to identify mild-to-moderate depressive symptoms in German populations (Hautzinger et al., 1995) . However, exclusion of this patient from our data analysis made no difference to the statistical significance of the results reported below.
Patients also completed a self-report measure of manic symptoms over the previous 14 days (Shugar et al., 1992) . One patient's score of 14 was equal to the cut-off score for 'caseness' in German populations (Schöttle et al., 2006) . Again, however, exclusion of this patient did not change the statistical significance of our findings. Overall, the mean mania rating of our sample was relatively low at 6.68 ± 0.94 (0-14). Different patients were taking a variety of central nervous system active drugs for other indications: one patient was receiving the D 2 dopamine receptor antagonist, sulpiride, to treat vertigo; two others were receiving the atypical antipsychotic, quetiapine; one patient was taking the cholinesterase inhibitor, rivastigmine; two patients, the benzodiazepine derivatives, clonazepam and tetrazepam; one patient was being treated with the non-benzodiazepine hypnotic, zopiclone; and one patient, with the mood-stabiliser, carbamazepine.
Previous clinical investigations have suggested a score of 130 or below on the Mattis Dementia Rating (Schmidt et al., 1994) as an appropriate threshold for dementia in PD patients (Witt et al., 2008) . None of the patients in our experiment scored below this threshold; the sample mean being 140. 27 ± 0.64 (134-144) .
Punding behaviours were assessed informally using the questions listed in the instrument described by Evans et al. (2004) . None of the patients described consistent patterns of the complex prolonged, purposeless, and stereotyped behaviour that have been noted in previous investigations of PD patients (Lawrence et al., 2007) . Finally, all patients completed the South Oaks Gambling Screen (Lesieur and Blume, 1987) . All scores were 0, reflecting the absence of gambling problems. In general, gambling participation was confined to occasional lottery play, or informal card games with family or friends for small stakes.
Design
The study consisted in a within-subject, cross-over design. Patients completed the loss-chasing game once with STN DBS ('STN DBS-on') and once without STN DBS ('STN DBS-off'). Ten patients completed the STN DBS-on condition first and the STN DBS-off condition second; the remainder completed these conditions in the reverse order.
Loss-chasing game
Our loss-chasing game suitable has been described by CampbellMeiklejohn et al. (2008) (Campbell-Meiklejohn et al., 2010) . On each play of the game, patients were required to choose between gambling to recover a loss (at the risk of doubling its size) or quitting (and surrendering a certain loss). Such dilemmas consistently induce risky choices in a variety of social and economical contexts (Shafir and Tversky, 1995) . Descriptive theories of choice attribute this behaviour to the proportionately smaller reductions in subjective value or utility associated with unsuccessful decisions to chase compared to the reductions in utility associated with already-sustained losses (Kahneman and Tversky, 2000) . We have observed that gambling to recover losses in our game is positively associated with psychometric measures of the tendency to chase loss in other gambling situations (CampbellMeiklejohn et al., 2008) .
At the start of the game, the patients were told that they had a notional €20,000 to play with, but that the patient with the most points at the end of the experiment would win a real prize of €100. On each 'round' of the game, €10, €20, €40, €80 or €160 was subtracted from the game total. This amount appeared below the choices: 'Quit' and 'Play' (Fig. 1) . At this point, the patients could choose to 'Quit', accepting this loss and ending the round immediately ('quit-loss' outcome), or they could choose to 'Play', that is, chase the loss. Thus, they could gamble on recovering an amount equal to the loss but at the risk of increasing their losses by the same amount. If the outcome of a decision to gamble was positive ('chase-win' outcome), the loss was recovered and the round ended. If the outcome was negative ('chase-loss' outcome), the loss was doubled and patients were given another chance to quit or to chase the doubled loss in the next choice of the round. The options for each choice -'Play' or 'Stop' -appeared equally often towards the left-hand and righthand sides of the choice displays.
Outcome displays indicated whether patients had won a gamble and that no money was lost ('chase-win'); whether they had lost a gamble and the size of the doubled loss ('chase-loss'); or the amount lost if patients chose to quit the round ('quit-loss'). At the end of each round, the patients were also informed about their final losses in a 'round-loss' display. This display indicated the total cumulative losses for that round, in red text if the losses were greater than 0 but in green text if the losses equalled 0. Six rounds began with losses of €10, €20, €40, €80 or €160, yielding 30 rounds. If patients continued losing over a round, losses kept doubling until they reached €640, at which point the round ended having incurred this maximum loss.
The outcomes of the loss-chasing game were distributed such that 18 rounds would eventually return all losses if the patients decided to play on every choice of the game. However, 12 rounds would result in the maximum loss of €640. Chase-win outcomes were positioned randomly within each round such that a winning outcome would occur equally often after any number of (between 1 and 6) consecutive losses. In order to discourage patients from adopting conservative strategies involving early and persistent decisions to quit (so as to preserve as much of the play money as possible), no information was provided about their diminishing total of play money during the game. Patients were also informed that they would not achieve their best possible score by exclusively playing or by exclusively quitting.
In summary, the patients in our experiment were confronted with dilemmas involving a choice between gambling to recover a loss at the risk of doubling its size, or surrendering the loss and ending the chase, while at the same time preserving as effectively as possible the resources that allowed play to continue. The value of this nominal reward was provided by the context of an inter-patient competition for a real monetary prize. This method of mixed nominal and actual reward has been used in economics to demonstrate behaviour qualitatively and quantitatively similar to that observed outside the laboratory (Cubitt et al., 1998) .
Dependent measures
Only those rounds of the loss-chasing game that terminated with a decision to quit or provision of the maximal loss (€640) were included in statistical analyses; i.e. all rounds of the game that ended with a win were excluded. In this way, the analysed loss-chasing episodes reflected patients' intentions to keep playing during a run of losing outcomes (i.e. reflecting how far the patients would go without the random variation of winning outcomes). This data provides representative measures of the number and magnitudes of losses that were acceptable to patients before they decided to quit during a chasing episode.
Our loss-chasing game provided the following dependent measures: a) proportion of choices to gamble out of all choices made during the game; b) mean number of losses chased per round (consecutive decisions); c) mean value of accumulated losses associated with decisions to chase; d) mean value of accumulated losses associated with decisions to quit. We also measured the mean deliberation times required when deciding to chase and to quit. Procedure Each patient completed the protocol in a single study session of 2.5 h, as part of an annual DBS stimulation assessment. All patients were tested while taking their usual disease medications in a defined medication-on state. Self-reported state positive and state negative affect (as scored by the PANAS) (Watson et al., 1988) was measured just prior to completing the loss-chasing game in the STN DBS-on condition and in the STN DBS-off condition. An interval of 30 min was allowed to elapse between turning patients' stimulation off and completion of the loss-chasing task in the STN DBS-off condition.
Motor symptoms associated with the 2 stimulation conditions were investigated in separate clinical sessions using the Unified Parkinson's Disease Rating Scale (UPDRS) III motor scale (Fahn and Elton, 1987) . Patients' motor scores were examined under conditions involving the following 3 combinations of dopaminergic medication and STN DBS: medication-on/STN DBS-on; medication-off/STN DBSoff and; medication-off/STN DBS-on.
Statistical analyses
The effects of STN DBS upon state affect and the dependent measures of our model of loss-chasing were tested using repeated measures analysis of variance (ANOVA) with the between-subject factors of gender and order of condition (STN DBS-on/STN DBS-off vs STN DBS-off/STN DBS-on) and the within-subject factor of condition (STN DBS-on vs STN DBS-off). Our analyses demonstrated significant interactions between DBS condition and order of condition. These interactions were examined by testing the significance of simple effects of STN DBS condition for the first and second completion of the loss-chasing game.
Motor symptoms, as measured by the UPDRS III motor scores, were tested by repeated measures ANOVA with the between-subject factor of gender and a single within-subject factor having the 3 combinations of dopaminergic medication and DBS (medication-on/STN DBSon, medication-off/STN DBS-off vs medication-off/STN DBS-on). The significance of pair-wise differences between these combinations was tested with post-hoc t-tests.
Standard linear regression was used to explore the relationship between the proportionate changes in our dependent measures in the STN DBS-on compared to the STN DBS-off condition on the one hand and demographic, clinical and experimental regressors on the other hand. Categorical (and binary) regressors included order of condition (with 'STN DBS-off/STN DBS-on' as the reference), gender (with 'male' as the reference), and the use of dopamine receptor agonists, amantadine and anti-depressant treatments (with 'no use' as the reference in these cases). Continuous regressors (standardised as Z-scores) included years since diagnosis, BDI score, and mania rating (scored over 14 days) and proportionate change in the UPDRS III motor scores, acquired during a separate clinical assessment, in the medication-off/STN DBS-on compared to the 'medication-off/STN DBS-off' combination.
Results
State affect and motor function
State positive affect was not significantly elevated or diminished in the STN DBS-on compared to the STN DBS-off condition (22.41 ± 1.67 vs 23.64 ± 1.64), F(1, 18) = 1.19. State negative affect was not significantly increased (12.73 ± 0.74 vs 13.14 ± 0.66), F b 1. There were no reliable interactions involving STN DBS, gender or order of condition, all F(1, 17) b 1.79.
UPDRS III motor scale scores differed depending upon whether patients were assessed on and off medication, and with and without STN DBS (see Supplementary Table 2) At the beginning of each round, a loss was imposed and a decision made either to play (gamble further) or quit (to sustain the loss) and end the round. This was followed by presentation of the outcome of that choice. Consecutive losses and decisions occurred until a maximum round loss of €640 was incurred, patients won a gamble and cleared their losses ('chase-win' outcome) or patients chose to quit ('quit-loss' outcome) at which point the round ended. At the end of each round, patients were informed of their final round losses ('round-loss' outcomes).
Loss-chasing game
Proportionate choice
In general, STN DBS produced different effects on loss-chasing behaviour during the first occasion that patients completed the game compared to the second occasion, reflected in significant or nearsignificant 2-way interactions between STN DBS condition and the order of condition. While STN DBS reduced the proportion of decisions to chase made during the first completion of the loss-chasing game (0.49±0.08 vs 0.60±0.09), it tended to increase them during the second completion (0.71 ± 0.08 vs 0.52 ± 0.08), F(1, 18) = 3.94, p = 0.063. Similarly, while the number of the consecutive decisions to chase was reduced in the STN DBS-on compared to STN DBS-off conditions during the first completion of game (1.05 ± 0.26 vs 1.44±0.29), they tended to be increased in the STN DBS-on condition on the second occasion (1.86 ± 0.34 vs 1.15 ± 0.28), F(1, 18) = 3.22, p = 0.09.
Value of losses chased/surrendered
STN DBS had reliably different effects on the value of losses chased on the 2 completions of the game, demonstrated by a significant 2-way interaction between DBS condition and the order, F(1, 17) = 6.65, p b 0.05. Analysis of the simple effects showed that STN DBS reduced slightly the magnitude of losses chased during the first occasion that patients played the game, F(1, 17) = 1.41, but then significantly increased the size of losses chased on the second occasion (see Fig. 2 ), F(1, 18) = 6.30, p b 0.05. Similarly, STN DBS reduced the value of losses surrendered when deciding to quit chasing losses on the second occasion that the loss-chasing game was played (72.39 ± 14.18 vs 107.21 ± 9.67) compared to the first occasion (106.53 ± 10.75 vs 101.07 ± 15.17); however, the two way interaction between condition and order was not statistically significant, F b 1.
Mean deliberation times
The time needed by patients to decide to chase losses was slightly reduced in the STN DBS-on condition compared to the STN DBS-off condition (2859 ± 370 vs 4263 ± 902 ms); however, this difference was not significant, F(1, 17) = 1.45; moreover, deliberation times for chasing losses were not markedly altered by STN DBS on the first occasion that the game was completed (2705 ± 318 vs 4252 ± 1156 ms) compared to the second time (2974 ± 615 vs 4277 ± 1163 ms), F b 1. Finally, deliberation times associated with decisions to quit were broadly comparable in the 2 DBS conditions (3992 ± 892 vs 3423 ± 504 ms), F b 1; there were no marked DBS-related changes on the first (4481 ± 1589 vs 3744 ± 857 ms) or second time (3067 ± 733 vs 3744 ± 504 ms) that the game was completed, F b 1.
Regressions
We regressed the proportionate changes in the value of losses chased during the performance of our loss-chasing game in the STN DBS-on condition relative to STN DBS-off condition against order of condition (with 'STN DBS-on/STN DBS-off' as the reference), years since diagnosis, the proportionate change in the UPDRS III motor score (in the 'medication-off/STN DBS-on' compared to medication-off/STN DBS-off combinations), BDI score, mania rating (over the last 14 days), and use of dopamine receptor agonists, amantadine and anti-depressants (with 'no use' as reference for these regressors). Gender was not equally distributed across those participants who completed the STN DBS-on condition first those who completed it second (4 females in the former compared to 8 females in the latter). Therefore, we also included gender as a regressor (with 'male' as a reference).
The intercept of the model was significant, indicating that the value of losses chased was significantly increased during STN DBS-on compared to the STN DBS-off condition (see Table 2 ) (pb 0.01). However, the coefficient terms demonstrate that this effect was moderated by other factors. As expected, completing the game without STN DBS on the first occasion but with STN DBS on the second occasion was associated with larger effects of STN DBS on losses chased (p b 0.01). STN DBS also increased the size of losses chased to a significantly greater extent in female compared to male patients (Fig. 3) (pb 0.01) . By contrast, the use of dopamine agonists was associated with smaller effects of STN DBS on the values of losses Table 2 Multivariate regression of proportionate increase in the value of losses chased during a loss-chasing game in the STN-DBS-on condition compared to the STN-DBS-off condition against gender (with 'male' as the reference), order of condition (with 'STN-DBS-on/ STN-DBS-off' as the reference), years since diagnosis, proportionate change in the UPDRS-III motor score in the 'medication-off/STN-DBS-on' compared to the 'medication-off/STN-DBS-on' combination (separate clinical assessment), BDI score, mania rating (over previous 14 days), and use of antidepressants and dopamine receptor agonists and use of amantadine ('no use' as reference). chased (p b 0.05) while a similar trend was apparent for the use of anti-depressants (p = 0.06). Patients' changes in the UPDRS across stimulation conditions, recent depressive and manic symptoms, use of amantadine and years since diagnosis, were not significant predictors of the effects of STN DBS upon values chased during performance of our loss-chasing game.
Discussion
The tendency to keep gambling in order to recover previous lossesloss-chasing behaviour -is common in everyday decision-making as well in recreational gamblers (Dickerson et al., 1987) . However, this behaviour is markedly exaggerated in problem gamblers and constitutes a significant mechanism in generating the adverse of life consequences of PG (Dickerson et al., 1987; Lesieur, 1977) . Our results indicated that STN DBS in patients with idiopathic PD did not reduce the tendency to chase losses, but rather increased the value of losses that patients are willing to play for when shifting from the STN DBS-off to DBS-on conditions. STN DBS also produced larger increases in the values of losses chased in female compared to male patients, but smaller changes in patients who were using dopamine receptor agonists. Before considering the significance of these findings, we consider some methodical issues.
First, these findings are not attributable to short-term changes in emotional state that have been associated with STN DBS (Okun et al., 2003; Stefurak, et al., 2003) . During the study visit, we observed only marginal changes in state positive affect or negative affect in the STN DBS-on compared to the STN DBS-off condition. Moreover, the time needed for patients to make their decisions to stop chasing losses was similar in both conditions. A previous study suggested that STN DBS reduces the ability to delay responding when faced with decision conflict (Frank, 2006) . Consistent with this possibility, we observed that decisions to chase losses during the STN DBS-on condition tended to be faster compared to the STN DBS-off condition. However, this difference was not statistically significant.
Second, we acknowledge that the experimental paradigm used to model loss-chasing behaviour in our experiment has an abstracted quality and does not fully capture the excitement associated with real gambling activities, such as those that might come to be problematic in a minority of PD patients (Weintraub et al., 2006) . However, consistent with previous experiments (Campbell-Meiklejohn et al., 2008; Tversky and Kahneman, 1981) , the decisions made by our patients over the course of the game were in line with the predictions of descriptive models of the relationship between losses and subjective value (Kahneman and Tversky, 1979; Tversky and Kahneman, 1981) . Moreover, we have previously observed that the proportion of decisions to chase during our loss-chasing game is positively associated with the tendency to chase in real-life gambling situations (Campbell-Meiklejohn et al., 2008) . These observations provide some reassurance that our game captures some of the cognitive and emotional processes underlying loss-chasing behaviour. Our findings also demonstrate advantages of laboratory measures of clinically salient behaviours, such as gambling, over self-report (pre-and post surgical) questionnaires.
Third, a final concern may involve the lack of an age-matched control sample without PD which might have been useful in supplying some normative data about the degree to which individuals in this age range (mid-60s), and with this minimal amount of gambling experience, would chase losses in the context of our loss-chasing game. However, our purpose was not to detect changes in gambling behaviour in patients with STN DBS compared to the wider population of PD patients. Rather, we sought to test whether STN DBS would alter the loss-chasing of patients selected to have no, or negligible, gambling experience, as a way of learning more about the role of STN DBS in the gambling behaviour of PD patients. Our design is similar to others in which the critical comparisons have involved cognitive function when the STN DBS is applied and when it is withheld Jahanshahi et al., 2000; Pillon et al., 2000) . These designs use each patient as their own control and are highly sensitive to the kind of subtle behavioural changes we report here. In fact, the overall proportion of decisions to chase in our sample in the STN DBS-off condition, 0.56 ± 0.06, is comparable to the average proportion of 3 younger samples (late-20s) we have recently collected using the same game, 0.62 ± 0.04 (Campbell-Meiklejohn et al., 2010) . Therefore, there is little reason to suppose that the chasing behaviour of our sample is unrepresentative of the larger population of patients with PD.
Finally, we note that the effects of STN DBS on loss-chasing were subtle, being most apparent in the values of losses judged worth chasing, rather than the proportion of decisions to chase, and in those circumstances in which patients had already completed the loss-chasing game once; they were also larger in female compared to male patients. These results reflect an exploratory, rather than hypothesis-testing analytic approach. Additionally, our findings that order of DBS condition, gender and dopamine agonist treatment had divergent influences upon the effects of STN DBS on loss-chasing must be treated as preliminary because of inter-correlations between regressors (e.g. gender) and because our multivariate regression would have limited statistical power in a small sample of patients. However, notwithstanding these precautions, our data highlight new avenues for research into the relationship between STN DBS in PD and the gambling problems observed in a minority of patients (Voon et al., 2007) .
The most dramatic finding of our experiment is that STN DBS increased the value of losses chased during the second occasion that the loss-chasing game was completed, and not during the first occasion. This is surprising in the light of influential proposals that the STN inhibits or suspends selected actions before being enacted while a 'brake' is applied to allow alternative candidate actions to be more appropriately considered or appraised (Frank, 2006; Frank and Claus, 2006; Swann et al., 2011) . Still other neuropsychological investigations have suggested that STN DBS impairs aspects of conditional associative learning and verbal learning (Heo et al., 2008; Saint-Cyr et al., 2000) . All of this evidence might suggest that STN DBS should have had its largest impact on the loss-chasing while patients were unfamiliar with the game. However, we found the precise opposite result: STN DBS altered loss-chasing only when patients had completed the game once previously.
There are two possible explanations: First, our data are consistent with other findings that STN lesions following the acquisition of Pavlovian approach response towards food induces subsequent sensitivity to the omission of reward (Winstanley et al., 2005) . Speculatively, our data suggest that once the loss-chasing game had been learnt in the first completion of the game, STN DBS altered the value of accumulated losses in a way that facilitated continued gambling. As noted above, decisions to chase losses arise because the relationship between monetary losses and their subjective values is described by a convex psychophysical function (Kahneman and Tversky, 1979; Tversky and Kahneman, 1992) . According to this function, the decreases in utility associated with the bad outcomes of continued play are proportionately smaller than the decreases in utility arising out of the certain losses sustained already; in other words, as the losses mount, the penalty in further diminutions in utility are continuously reduced. Our finding that STN DBS increases the size of losses chased in our gambling game suggest that subjective evaluation of the further losses that might result is reduced.
Second, the observation that increased values of losses chased during STN DBS-on compared to STN DBS-off were pronounced during the second occasion also suggests different effects of STN DBS depending on duration of stimulation. Patients who completed the loss chasing game in the STN DBS-on condition first had received uninterrupted stimulation up until the stimulation was removed for 30 min prior to the second completion of the game. By contrast, patients who played the loss chasing game in STN DBS-on condition second received stimulation for only 30 min, raising the possibility that the reinstatement of stimulation for a short interval prompted the increase in values chased by these patients. This possibility is strengthened by observations that impulsive behaviours, including patient suicides, are most frequent following the commencement of DBS treatment, perhaps reflecting short-term disturbances to that can be stabilised overtime (Voon et al., 2008) . Investigations of these possibilities could be done with designs in which stimulation is applied (or removed) and then its effects upon loss-chasing measured over several successive completions of the game.
Clinical factors in the effects of STN DBS on loss-chasing behaviour
Estimating the clinical effects of STN DBS on PG and other compulsive or impulsive behaviours is also complicated by postsurgical reductions in dopamine receptor agonist treatments. Our study identifies demographic and clinical factors that may influence, or mask, the effects of STN DBS on gambling behaviour. First, the effects of STN DBS on the values of losses chased were greater in female patients with PD than in male patients. Clinical studies have demonstrated significant gender differences in gambling behaviour (Cregh-Tyte and Lepper, 2004) , with other evidence suggesting greater preferences for risk-averse choices in female compared to males (Rosen et al., 2003) . It is striking, therefore, that the higher value of losses chased in the STN DBS-on condition seen in the female patients was associated with markedly lower values chased during the STN DBS-off condition (Fig. 3) . By contrast, the reduced effects of STN DBS in the male patients were observed in the context of relatively higher losses gambled for in both the STN DBS-off and STN DBS-on conditions. This suggests that the larger effects of STN DBS in the female patients reflect the lower baseline against which the STN DBS effects were expressed. Second, we found that patients who were not using dopamine receptor agonists (and, at trend level, patients who were not using antidepressants) chased smaller losses in the STN DBS-off condition but clearly larger losses in the STN DBS-on condition, while patients who were receiving dopamine receptor agonist treatments tended to chase for comparable losses in both conditions (Fig. 3) . Treatments with dopamine receptor agonists have been shown to retard PD patients' ability to learn from losing outcomes during the performance of probabilistic decision-making tasks, but enhance learning from winning outcomes (Frank et al., 2007a,b; van Eimeren et al., 2009; Voon et al., 2010) . There is also recent evidence that the effects of treatments with dopamine receptor agonists on learning from losing outcomes are reduced in PD patients with a history of PG or compulsive shopping behaviours (Voon et al., 2010) . At first glance, our data suggest that treatments with dopamine receptor agonists block the increase in the values chased associated with STN DBS in PD patients with limited gambling histories. However, the patients without dopamine receptor agonists were previously withdrawn from treatment with dopamine receptor agonists precisely because of the emergence of symptoms associated with impulse control disorders. Thus, it may be that the increased loss chasing behaviour observed during STN DBS-on in patients without dopamine receptor agonists is related to pre-existing vulnerabilities to develop ICDs following these treatments in a minority of patients recruited to our study.
Further experiments will be needed to replicate and understand our finding that treatment with dopamine agonists was associated with smaller effects of STN DBS on the value of losses chased. However, neuropsychological evidence suggests that the cognitive functions of distinct fronto-striatal-thalamic circuits are optimised or impaired by different levels of dopamine receptor agonists' modulation in PD (Swainson et al., 2000) . Dopamine dysregulation syndrome may be mediated by excessive dopamine receptor agonists activity within circuits linking medial prefrontal and ventral striatal sites (Dagher and Robbins, 2009) . From this perspective, the use of dopamine receptor agonists enhances the modulation of that circuitry to the point where it is relatively insensitive to STN DBS.
STN DBS and the neuropsychology of loss-chasing behaviour
Finally, at the current time, it is unclear which other corticolimbic circuits might be influenced by STN DBS to increase the value of losses chased. Previously, we have shown that decisions to quit the chase are associated with neural signals within the anterior cingulate cortex, anterior insula and caudate nucleus, reflecting the impact of cognitive conflict and visceral arousal on neural circuits that interface rewardrelated information and action selection when making a decision to quit during a run of losing gambles (Campbell-Meiklejohn et al., 2008) . Anterior cingulate cortex activity also appears to play a significant role in representing some of the cognitive biases that legitimise continued gambling, while signals within the anterior cingulate cortex following bad outcomes of previous decisions to chase are associated with an increased probability of deciding to quit on when the next opportunity to chase losses arises (Campbell-Meiklejohn et al., 2008) .
The STN is linked to a distributed circuit, incorporating the inferior frontal cortex and the pre-supplementary area that exerts inhibitory influence over selected action (Aron et al., 2007; Swann et al., 2011) . The anterior cingulate cortex also makes an important contribution to the modulation of STN activity Chudasama et al., 2003; Nakano et al., 2000; Takada et al., 2001 ). Additionally, increased activity within the anterior cingulate cortex following STN DBS may mediate inhibitory response problems in PD patients while reductions in the activity of the anterior cingulate cortex may drive problems in verbal learning (Kalbe et al., 2009 ). STN DBS is also associated with impairments in selection tasks that are known to depend upon functions of the anterior cingulate cortex, such as the Stroop test of selective attention (Alegret et al., 2004; Carter et al., 2000; Heo et al., 2008; Klempirova et al., 2007) . We propose that STN DBS in PD patients further disrupts the functioning of a circuit incorporating the anterior cingulate cortex and STN (Levy et al., 1997) that tags the reward values of candidate behaviours (Rushworth et al., 2004) . In the context of the loss-chasing behaviour exhibited by PD patients, STN DBS increases the incentive value of accumulated losses helping to sustain continued play.
In summary, we have found that STN DBS increased the value of losses chased by PD patients during runs of losing outcomes. Our data also show that these effects are more pronounced in female compared to male patients but reduced in patients taking dopamine receptor agonists or anti-depressant medications. Additionally, the effects of STN DBS on loss-chasing were evident in the second occasion suggesting that either loss chasing increased once patients had become acquainted with the gambling behaviour or, more likely, loss chasing occurs as a predominantly acute effect off STN DBS and slowly vanishes during long-term stimulation. Further studies are needed to clarify this issue.
